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 Harmful algal blooms are a growing problem globally in both freshwater and 
marine systems. Cyanobacterial harmful algal blooms (cHABs) can have numerous 
environmental and economic impacts. cHABs can reduce oxygen levels in the water 
column, ultimately leading to the death of larger organisms, and reduce light penetration, 
impacting aquatic vegetation. cHABs can also release toxins into the water and efforts to 
prevent toxins from entering drinking water can cost cities millions of dollars in added 
filtration. Microcystis is a freshwater cyanobacterium that is globally distributed. While 
many of the abiotic factors that can impact bloom formation are known, biotic factors, 
such as microbial interactions within Microcystis blooms, are not as widely studied. To 
assess the impact of certain heterotrophic bacteria on the growth of Microcystis, 
heterotrophic bacteria were isolated from a Microcystis bloom on Lake Erie. The 
culturable microbiome of the bloom was compared to the unculturable microbiome. Five 
bacterial isolates were chosen to be grown with Microcystis to determine the impact of 
co-culture. The whole genomes of these five isolates were also sequenced with PacBio to 
determine if they contained any genes that might suggest interactions with Microcystis. 
Co-culture with Acidovorax cells had a significant impact on the growth rate of 
Microcystis cells. The filtrate of Enterobacter, Exiguobacterium, and Paenibacillus 
appeared to have a protective impact on Microcystis cells in high salt concentrations. The 
whole genomes of the sequenced heterotrophic bacteria contained genes that could be 
used in potential interaction with Microcystis. These were genes related functions such as 
nitrogen metabolism, iron scavenging, carbohydrate metabolism, and vitamin production. 





Microcystis and heterotrophic bacteria and the potential mechanisms for protection 


















































 Cyanobacterial harmful algal blooms (cHABs) occur annually in both marine and 
freshwater systems worldwide. These bloom events have become more common in recent 
years and are expected to increase in frequency and biomass as global temperatures rise 
(Lurling et al., 2017).  One of the most important contributors to the formation of cHABs 
is anthropogenic nutrient loading, specifically of nitrogen and phosphorus (Paerl, 2014). 
Microcystis is one of the most common genera of bloom-forming cyanobacteria 
worldwide. Microcystis blooms can negatively impact ecosystems by releasing toxins and 
reducing light penetration in the water column (Anderson et al., 2002). This can also 
negatively impact local economies in areas near freshwater systems where blooms occur 
as noxious bloom biomass can reduce waterfront property values in addition to causing a 
loss of revenue for local fisheries and other businesses (Dodds et al., 2009; US EPA, 
2015). 
2. Cyanobacterial Harmful Algal Blooms 
Cyanobacteria are a phylum of photosynthetic bacteria that are also known as 
blue-green algae. Members of the Cyanobacteria phylum are extraordinarily diverse in 
both morphology and function. In freshwater systems, there are numerous freshwater 
genera of cyanobacteria that are capable of forming blooms, including Dolichospermum 
(Anabaena), Aphanizomenon, Lyngbya, Microcystis, Nodularia, Planktothrix, and 
Oscillatoria (Paerl et al., 2001). Due to both biomass and toxin production, blooms 
formed by cyanobacteria can have numerous ecological, economic, and health impacts 





2.1 Ecological Impact 
cHABs impact ecosystem health and function in numerous ways. As blooms 
decay, oxygen concentrations can be reduced (Anderson et al., 2002) and this can cause 
fish and plant deaths (Landsberg, 2002; Kaebernick and Neilan, 2001). Oxygen depletion 
is caused by bacterial respiration as the cyanobacterial biomass is broken down. cHAB 
biomass can also reduce light in the water column (Anderson et al., 2002), which can 
impact aquatic vegetation (Landsberg, 2002). Cyanobacteria can produce a diverse array 
of toxins, known as cyanotoxins (Paerl et al., 2016). Certain species of Microcystis can 
produce the cyanotoxin microcystin, which is a hepatotoxin (Paerl et al., 2016). 
Microcystin inhibits protein phosphatase 1 and protein phosphatase 2A in liver cells 
(Paerl et al., 2016), which can cause severe liver damage and ultimately lead to death of 
fish (Kaebernick and Neilan, 2001). Cyanotoxins have also been linked to the deaths of 
domestic and wild animals that generally come into contact with the toxins through 
drinking water. These wild animals include deer, birds, squirrels, skunks, and bats while 
domestic animals include cattle, poultry, houses, cats, dogs, and pigs (Huisman et al., 
2005). Toxin-producing cyanobacterial cells can also be taken up by zooplankton and 
filter-feeders such as shellfish (Landsberg, 2002). Cyanotoxins can also accumulate in 
fish species, although some studies have shown that toxin accumulation by fish may vary 
by species (Peng et al., 2010). Toxins can then be acquired through the food web as fish 







2.2 Economic and Public Health Impact 
 HABs can have a devastating impact fishing and tourism industries (Wolf et al., 
2017). Toxins released by cyanobacteria can be ingested by fish and oxygen depletion 
caused by blooms can lead to fish mortality. Mass deaths of commercially desirable fish 
impact fishing revenues (Wolf et al., 2017). Bloom events can lead to increased 
processing costs for fisheries and some fisheries have even had to stop production during 
bloom events (US EPA, 2015). The economic cost to fisheries during bloom events can 
be millions of dollars (Sanseverino et al., 2016). A 2005 diatom bloom in the Gulf of 
Maine caused a loss of approximately $6 million in shellfish sales (Sanseverino et al., 
2016).  
Economic losses are higher when loss of tourism is considered. The 2005 Gulf of 
Maine bloom was estimated to cost local businesses $14.8 million (Sanseverino et al., 
2016). During bloom events, warnings to avoid contact with water can deter tourists 
(Wolf et al., 2017). Tourists can also be repelled by the fish mortality, the water 
discoloration, and the algal decomposition smells that are caused by algal blooms 
(Sanseverino et al., 2016). At Lake Erie, fishing permit sales have been shown to 
decrease during bloom events that exceed the World Health Organization’s moderate 
level (Wolf et al., 2017). A 2009 study estimated that the recreational loss caused by 
freshwater eutrophication could cost up to $1.16 billion annually in the United States 
(Dodds et al., 2009). Lakefront property values have also been shown to decrease as 
water clarity decreases (Dodds et al., 2009; US EPA, 2015). The monitoring and 




Ohio, on Lake Erie has spent $3,000-$4,000 per day on water filtration during bloom 
events (US EPA, 2015). 
Cyanotoxins released from blooms can impact human health in different ways. 
Skin contact with cyanotoxins can cause rashes, while swallowing contaminated water 
can have gastrointestinal or neurological effects (Backer et al., 2015). Consumption of 
fish and shellfish that have accumulated cyanotoxins, including microcystins, can also be 
harmful (Peng et al., 2010). There have been multiple bloom events that have left people 
without access to potable water. In 2007, excessive nutrient loading and an unusually 
warm spring caused a massive Microcystis bloom in Lake Tai, the third largest freshwater 
lake in China (Qin et al., 2010). This toxin-forming bloom left approximately 2 million 
people without access to drinking water for a week (Qin et al., 2010). Measurable levels 
of microcystin in water originating from Lake Erie prevented about 500,000 residents of 
Toledo, Ohio from being able to use tap water in August 2014 (Backer et al., 2015; 
Steffen et al., 2017). 
2.3 Geographic Distribution of Cyanobacterial Harmful Algal Blooms 
Cyanobacteria capable of forming blooms are globally distributed (Harke et al., 
2016). To date, Microcystis species have formed blooms on every continent except 
Antarctica (Zurawell et al., 2015). In the United States, Microcystis blooms have 
notoriously been a problem in Lake Erie for several decades (Brittain et al, 2000; Steffen 
et al., 2017). As Lake Erie provides millions of dollars in revenue through the tourism 
and fishing industries, these blooms have become increasingly problematic as their 




The Chinese lake, Lake Tai, is also severely impacted by regularly occurring 
Microcystis blooms. This lake provides water to approximately 40 million people and is 
also a fishing and tourism resource for the area (Paerl et al., 2011). 
3. Microcystis 
 Microcystis spp. have spherical cells (1-9µm) that form colonies that can range in 
size from microscopic to macroscopic (<20 to >200 cells for Microcystis aeruginosa) 
(Komárek and Komárková, 2002; Cao and Yang, 2010). Microcystis spp. can form a 
variety of morphologies and colony formation is influenced by both biotic and abiotic 
factors (Xiao et al., 2017). Antagonists, such as microbial predators or parasites, can 
trigger an increase in colony size by producing more extracellular polysaccharides 
(Wichelen et al., 2016). Increases in colony sizes can defend the Microcystis cells against 
flagellates that may struggle to break apart the aggregation of cells (Wichelen et al., 
2016). Colonies of Microcystis can produce a mucilage, which is a carbohydrate-rich 
extracellular polymeric substance in which bacteria can become embedded (Pereira et al., 
2009). It is notoriously difficult to achieve an axenic culture of Microcystis, or a culture 
of Microcystis without any other bacterial species present, because other heterotrophic 
bacteria are usually tightly coupled with the mucilage (Shirai et al., 1989). 
As described above, some species of Microcystis produce the toxin microcystin. 
Microcystins are cyclic heptapeptides (Sivonen and Jones, 1999). The chemical structures 
of microcystisns can vary and there are at least 85 different varieties of the toxin 
(Sivonen and Jones, 1999). Temperature, light intensity, and nutrient availability are 
important factors in the production of microcystins. Production of these toxins at certain 




aeruginosa, researchers have found a positive correlation between microcystins and 
increased irradiance (Wiedner et al., 2003).  Microcystin is a nitrogen-rich compound and 
the concentration of microcystin in cells has been shown to decrease when nitrogen is 
less available (Harke and Gobler, 2013).  
3.1 Genomics of Microcystis 
Microcystis aeruginosa NIES-843 was the first Microcystis genome to be 
sequenced and to date the only representative of the genus to have its genome fully 
closed (Kaneko et al., 2007). This was followed by Microcystis aeruginosa PCC 7806 
(Frangeul et al., 2008). In 2015, there were 15 draft or closed sequences available from 
Microcystis isolated from countries around the world (Harke et al., 2016). There was a 
high content of DNA mobile elements found in the Microcystis aeruginosa NIES-843 
genome, as well as the genomes of other Microcystis strains, suggesting high genome 
plasticity (Kaneko et al., 2007). This genome plasticity may help Microcystis adapt in 
eutrophic ecosystems (Frangeul et al., 2008). 
The genes involved in the production of the toxin, microcystin, are encoded by 
the mcy gene cassette and can be found in both NIES 843 and PCC 7806 strains. 
However, not all individual cells in a given population have the genetic capability to 
produce toxins. While Microcystis spp. lack nif genes, and are therefore unable to fix 
nitrogen, they are able to degrade urea, and contain the genes necessary for construction 
of urease (ureA-ureG) (Mobley et al., 1995; Kaneko et al., 2007; Solomon et al., 2010). 
The transcription of nitrogen assimilation genes has been shown to increase under low 
nitrogen conditions (Harke and Gobler, 2013). The nitrogen regulatory gene, ntcA, is one 




nitrate/nitrite transport (Harke and Gobler, 2013). Urease transport genes (urtA-urtE) also 
have increases in transcript abundance under low nitrogen conditions (Harke and Gobler, 
2013) and in field studies (Steffen et al., 2017). 
4. Drivers of Cyanobacterial Harmful Algal Blooms 
4.1 Nutrients 
Nitrogen and phosphorus are essential and often limiting nutrients for Microcystis 
field populations. The increase in Microcystis blooms around the world appears to be 
connected to increases in nitrogen and phosphorus due to anthropogenic activity (Paerl, 
2014). Because Microcystis spp. cannot fix nitrogen, they must rely on external sources, 
or they must regenerate combined nitrogen sources internally (Harke et al., 2016). 
Microcystis has also been found to prefer reduced nitrogen over oxidized nitrogen 
sources (Flores and Herrero, 2005). 
Urea is a nitrogen source that can influence bloom communities in freshwater 
systems. In the 1960s, urea represented only 5% of nitrogen fertilizer and by the 1990s it 
represented over 40% of global nitrogen fertilizer (Glibert et al., 2006). Urea is water 
soluble (Belisle et al., 2016) and more cost effective than other nitrogen fertilizers 
(Glibert et al., 2006). Urea also contains twice the amount of nitrogen as ammonium 
sulfate (Glibert et al., 2006), which was the common form of nitrogen fertilizer before the 
use of urea. Agricultural runoff carries urea and other nitrogen sources into freshwater 
systems. Increased levels of urea in freshwater environments can favor the growth of 
non-nitrogen-fixing bacteria, such as Microcystis, and inhibit the growth of diazotrophic 




Phosphorus is another important nutrient for cyanobacteria, and Microcystis is 
known to be efficient in phosphorus utilization (Baldia et al., 2007). Microcystis is 
extremely efficient at accumulating phosphorus in low phosphorus concentrations (Baldia 
et al., 2007). Microcystis can store phosphate so that is can survive when phosphorus is 
less available (Carr and Whitton, 1982). Like nitrogen, phosphorus can enter freshwater 
systems through agricultural runoff as well as wastewater (Hart et al., 2004; Conley et al., 
2009). 
Research in Canadian Experimental Lakes led to the determination in the 1970s 
that phosphorus was the primary limiting nutrient for eutrophication in these freshwater 
lakes (Schindler, 1974). Original management strategies then focused on the limitation of 
phosphorus inputs. It was not until the 1990s that researchers began to form a consensus 
about the need to control nitrogen inputs (Howarth and Marino, 2006). The recognition of 
nitrogen as a limiting nutrient of eutrophication lead to the need for a dual nutrient 
management strategy (Conley et al., 2009; Paerl et al., 2011). In lakes such as Lake Tai 
and Lake Okeechobee, non-nitrogen-fixing cyanobacteria dominate the phytoplankton 
population and phosphorus is rapidly recycled (Conley et al., 2009). These lakes require 
strategies to control both nitrogen and phosphorus simultaneously to ultimately control 
the cyanobacterial populations (Conley at el.. 2009). 
4.2 Climate Change 
Fresh water resources are a concern with global rising temperatures as harmful 
algal bloom events are becoming more common and biomass is increasing. Higher 
temperatures and eutrophication –higher inputs of nutrients, especially nitrogen (N) and 




freshwater (De Figueiredo et al., 2004). Rising global temperatures are expected to cause 
earlier onset stratification and an increase in the duration of stratification in some lakes 
(Carey et al., 2012). The variation of temperatures on a diel scale are also expected to 
become smaller. This will cause any microstratification that occurs during the day to be 
maintained overnight (Carey et al., 2012). This microstratification can reduce mixing in 
the water column to a shallow top layer which could ultimately favor the formation of 
cyanobacterial algal blooms (Carey at al., 2012). In many climate change scenarios, 
different cyanobacteria are expected to dominate phytoplankton communities (Carey et 
al., 2012). 
The growth rates of different strains of Microcystis have been tested at 
temperatures ranging from 27°C to 36°C (Mowe et al., 2015). Out of the five strains 
tested in one study, Microcystis flos-aquae had a higher growth rate at 30°C and 
Microcystis ichthyloblabe had a higher growth rate at 33°C (Mowe et al., 2015). In 
another study, the growth rate of Microcystis aeruginosa increased significantly with 
increased temperature and light intensity (Li et al., 2014). The microcystin concentration 
of in the cells of some Microcystis strains has also been shown to increase with 
increasing temperatures (27°C to 33°C) (Mowe et al., 2015). Temperatures over 36°C can 
decrease the microcystin content in cells. This suggests that rising temperatures in 
tropical regions could lead to a decrease in bloom toxins (Mowe et al., 2015). As bloom 
events intensify, it has been predicted that toxin-producing species could dominate bloom 






5. Microbial Interactions in Bloom Communities 
 cHABs are comprised of a multitude of bacterial species that communicate and 
interact with each other in different ways. Interactions between species within a bloom 
are species-specific and can be beneficial or potentially antagonistic (Ramanan et al., 
2015). Cyanobacteria and heterotrophic bacteria within bloom communities rely on each 
other for biogeochemical cycling (Steffen et al., 2012; Ramanan et al., 2015). 
Heterotrophic bacterial partners are tightly coupled with the extracellular polymeric 
substance that is secreted by Microcystis cells (Pereira et al., 2009). The interactions 
between Microcystis and its heterotrophic bacterial partners have been shown to affect 
the growth of both (Shen et al., 2011). Heterotrophic bacterial partners are ubiquitous in 
cyanobacterial harmful algal blooms and are important for the growth of cyanobacteria 
(Ramanan et al., 2016). This makes it difficult to obtain axenic cultures of cyanobacteria. 
The growth of the heterotrophic partners with Microcystis is limited during the 
exponential phase and increased during the stationary phase (Shen et al., 2011). 
The term phycosphere was coined by Bell and Mitchell in 1972 to describe the 
zone around phytoplankton that is analogous to the rhizosphere in terrestrial 
environments. The size of the phycosphere is dependent on the size of phytoplankton 
cells (Seymour et al., 2017). The phycosphere has higher concentrations of organic 
matter due to the release of organic molecules, including dissolved organic carbon, by 
phytoplankton into the surrounding water (Seymour et al., 2017). The growth phase of 
phytoplankton cells can impact the molecular weight of molecules released from the 
cells. In the early phases of cell growth, phytoplankton release lower molecular weight 




molecules, such as polysaccharides, nucleic acids, and proteins, can be released into the 
phycosphere during lysis (Seymour et al., 2017).  The release of molecules by 
phytoplankton can attract heterotrophic bacteria to the phycosphere, which can lead to a 
potential exchange of nutrients between the bacteria and the phytoplankton (Amin et al., 
2015; Seymour et al., 2017). 
5.1 Nutrient Exchange in the Phycosphere 
 Eukaryotic phytoplankton and cyanobacteria can excrete extracellular organics 
that can support the bacteria in the phycosphere (Paerl and Pinckney, 1996). Some of the 
molecules excreted by phytoplankton act as chemoattractants for heterotrophic bacteria 
(Seymour et al., 2017). Heterotrophic bacteria within the phycosphere also rely on the 
dissolved organic carbon (DOC)that is released by the phytoplankton for growth 
(Seymour et al., 2017). The bacteria within bloom communities can contribute to the 
growth of phytoplankton as well. In marine ecosystems, B12 has been shown to be an 
important vitamin for the growth of phytoplankton (Helliwell et al., 2016; Seymour et al., 
2017). Many eukaryotic phytoplankton are unable to synthesize vitamin B12 so these 
phytoplankton rely on the heterotrophic bacteria to provide the vitamin (Seymour et al., 
2017). Another important nutrient for marine phytoplankton is iron. Some marine 
heterotrophic bacteria are able to bind iron to molecules they produce known as 
siderophores (Amin et al., 2009). The binding of iron to siderophores ultimately increases 
the solubility of the iron and eukaryotic phytoplankton are able to access the iron through 
iron transporters in their outer cell membranes (Amin et al., 2009). 
Evidence of quorum sensing has been found in phycosphere communities 




This can aid in the formation of biofilms and the acquisition of nutrients (Rolland et al., 
2016). Acylated homoserine lactones (AHLs) are quorum sensing related signals that 
have been demonstrated in axenic M. aeruginosa (Zhai et al., 2012). 
 Many studies involving Microcystis relate to the abiotic factors that impact bloom 
formation or the toxins produced by some species of Microcystis. This thesis focuses on 
the biotic factors that influence the growth and fluorescence of Microcystis, primarily 
microbial interactions. The impact of individual bacterial isolates on Microcystis was 
tested to try to further the understanding of the role of Lake Eire bacteria in 
cyanobacterial bloom communities and the genomes of these bacteria were sequenced to 
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The heterotrophic bacterial community of a western Lake Erie Microcystis bloom 






















 Heterotrophic bacteria were isolated from a Microcystis bloom in the western 
Lake Erie basin. The culturable microbiome of the bloom was characterized. 
Metagenomic sequencing was used to characterize the unculturable microbiome of the 
bloom, which was then compared to the culturable microbiome. Based on characteristics 
such as urease production, glycolate dehydrogenase production, and pigment production, 
five isolates were then chosen to be grown with axenic Microcystis to determine the 
impact of co-culture on Microcystis cells. Co-culture with Acidovorax had a significant 
impact on the growth rate of Microcystis cells while the filtrate of Enterobacter, 
Exiguobacterium, and Paenibacillus appeared to have a protective impact on the 
Microcystis cells in higher salt concentrations. Further research is needed to determine 
the mechanisms of protection of the Microcystis cells by the heterotrophic bacteria in 















 Cyanobacteria are primary producers that are critical for biogeochemical cycling 
in freshwater and marine ecosystems (Ramanan et al., 2015). Some cyanobacterial genera 
are able to form cyanobacterial harmful algal blooms (cHABs). These blooms are a 
growing global problem in aquatic systems, as the biomass of these blooms, along with 
the toxins that are sometimes produced can be detrimental to local ecosystems. 
Microcystis is a globally distributed, toxic, freshwater and brackish cyanobacterium that 
is expected to bloom more frequently and with higher biomass as global temperatures 
continue to rise (Lurling et al., 2017). 
 Microcystis spp. form blooms in systems such as Lake Erie (North America) 
annually. Some species of Microcystis are able to produce hepatotoxins known as 
microcystins. A Microcystis bloom in Lake Erie in 2014 led to a water shutdown in 
Toledo, OH that left approximately half a million citizens without water for a weekend 
due to microcystin levels above the WHO limit for drinking water (Steffen et al., 2017). 
These blooms have ultimately cost the city millions of dollars in water treatment 
(Associated Press, 2013; US EPA, 2015). While the exact triggers of Microcystis bloom 
formation are not known, there are many factors that can contribute. A major contributor 
to the formation of Microcystis blooms is anthropogenic nutrient loading (Paerl, 2014). 
This provides freshwater systems with large amounts of nitrogen and phosphorus, both 
important nutrients for Microcystis. Dual nutrient management strategies have been 
suggested to combat the formation of cHABs (Paerl et al., 2016). The control of the input 
of both nitrogen and phosphorus is needed for cHAB prevention as both nutrients are 




 Microcystis spp. are unique in several ways compared to other cyanobacteria. 
Unlike other microcystin-producing cyanobacteria, they are colonial rather than 
filamentous, forming large colonies surrounded by a thick, sticky mucilage. 
Heterotrophic bacteria are known to be tightly coupled with this exopolysaccharide layer 
that is excreted by Microcystis cells (Shirai et al., 1989). Heterotrophic bacteria have also 
been shown to impact the colony formation of Microcystis (Shen et al., 2011; Wang et 
al., 2015). The area that surrounds phytoplankton cells is known as the phycosphere (Bell 
and Mitchell, 1972). In recent years, interactions between phytoplankton and 
heterotrophic bacteria in the phycosphere have been shown to be important in shaping the 
physiology of both eukaryotic and prokaryotic phytoplankton (Amin et al., 2015; 
Seymour et al., 2017). However, no work has been done to characterize such interactions 
in the Microcystis phycosphere, despite its ecological and economic importance. 
 To resolve the impact of phycosphere bacteria on the physiology of Microcystis, 
we measured the effect of co-culture on the growth and photosynthetic efficiency of 
Microcystis aeruginosa NIES 843 using bacteria isolated from a Microcystis bloom on 
Lake Erie in August 2017. Over 100 bacterial strains were isolated from the Lake Erie 
samples. Metagenomics was also utilized to gain an understanding of the microbial 
community of the Microcystis bloom and compare the culturable and unculturable 
bacterial communities. 
2. Methods 
2.1 Sample Collection 
Water samples were collected from Lake Erie on August 9, 2017. Samples were 




49.634’, W 83° 11.659’), WE13 (N 41° 44.619’, W 83° 08.081’), and MB18 (N 41° 
44.886’, W 83° 24.061’). A 20µm and 80µm mesh plankton net were used to collect 
samples from each site to ensure only those bacteria tightly associated with the 
Microcystis colonies would be isolated. 150 mL were collected and stored on ice until 
transport back to the laboratory. Additionally, whole water samples were collected in 
duplicate at each site for background community analysis via metagenomics. 750 mL 
were filtered onto 0.22µm Sterivex™ (Millipore Sigma) from stations WE02, WE04, and 
WE13 while 600 mL were filtered from station MB18. Filters were stored on ice until 
transported back to the laboratory, where they were stored at -20°C. 
2.2 Culturable Microbiome 
Isolation and Identification. Two different types of media were used for the isolation of 
bacterial samples. Both Luria broth (LB) agar and CT (Watanabe and Ichimura, 1977) 
agar with different nitrogen sources were used. Selective CT plates were made using 100 
µM of urea (CT-Urea) and without nitrogen (CT no N). About 500 µL of each water 
sample were pipetted onto LB agar and CT agar and spread with sterile cell spreaders and 
the plates were then incubated at 26 °C. LB plates were incubated for 48 hours while CT 
plates were incubated for seven days. Single colonies were re-streaked onto new plates of 
the same media type and this was repeated until Gram stains showed that the isolates 
were pure. 
 Purified single colonies were used to inoculate 5 mL of LB broth for DNA 
extraction. The tubes of LB were then incubated in a shaking incubator overnight at 26 
°C and 200 rpm. From the broth tubes, 1500 µL were transferred to 1.5 mL 




removed without disturbing the pellet. The pellet was then resuspended in 500 µL of 
sterile water and heated at 95 °C in a dry bath for 15 minutes. After heating, the tubes 
were centrifuged again for one minute. The supernatant, the source of the template DNA, 
was removed from the tube without disturbing the pellet and was pipetted into a clean 
microcentrifuge tube. The 16S rRNA gene was then amplified using PCR primers 27f (5’ 
AGAGTTTGATCMTGGCTCAG 3’) and 1492r (5’ TACGGYTACCTTGTTACGACTT 
3’) (Delong, 1992). The reaction mixture included 1.25 µL of 10 µM 27f primer, 10 µL 
of 10 µM 1492r prime, 12.5 µL of 2x Econo Taq Master Mix (Lucigen), 8.5 µL of PCR 
water, and 1.5 µL of template DNA (DeLong, 1992). The PCR program was run on a 
BioRad C1000 Touch thermocycler and included an initial 95 °C for 5 minutes, and 35 
cycles of 95 °C for 1 minute, 50 °C for 30 seconds, and 72 °C for 90 seconds. Products 
were screened for amplification using a 1% agarose/TAE gel and stained with 3x Gel Red 
(Phenix Research Products). 
 After successful amplification of the 16S sequences, the Qiagen QIAquick PCR 
purification kit was used to purify the PCR products for Sanger sequencing at Eurofins 
Genomics. Sequences were then run in BLAST (blastn) with environmental isolates 
excluded to identify at the genus level. 
 
Nitrogen Utilization. Isolates that were grown on CT-Urea were tested for urea utilization 
capabilities. These isolates were used to inoculate urea broth and urea agar slants (Hardy 
Diagnostics) and observed for color change to indicate urease activity. Isolates were 
grown overnight in 5 mL of LB broth at 26 °C for about 24 hours for DNA extraction and 




was amplified using primers IGKAGNP (5’ATHGGIAARGCIGGIAAYCC3’) and 
HEDWGA (5’IGYICCCCARTCYTCRTG 3’) (Collier et al., 2009). The PCR program 
was as follows: 94 °C for one minute, 25 cycles of 94 °C for 30 seconds, 53 °C for 30 
seconds, and 72 °C for 45 seconds, with a final extension of 72 °C for 10 minutes. The 
PCR products were run on a 2% agarose gel to observe amplification of the ~300-400 bp 
ureC gene product. 
2.3 Bacterial Growth Curves 
 Five isolates were chosen to be grown in co-culture with axenic Microcystis to 
measure the physiological impact of these isolates on the photobiont host (Table 1). 
Bacterial growth curves were generated to determine the bacterial cell densities at 
different optical densities (ODs) during the growth phases. A single bacterial colony was 
used to inoculate CT-TY and the culture was incubated for 24-48 hours at 26°C. The OD 
of the culture was determined, and 100 mL of fresh CT-TY was inoculated to an OD of 
0.05 with the bacterial culture. The OD was again recorded, and a sample of the freshly 
inoculated culture was diluted and plated onto CT-TY agar in duplicate to determine cell 
counts. The culture was incubated on a shaking incubator at 26°C (32°C for 
Paenibacillus) and samples were taken every hour (Exiguobacterium and Enterobacter) 
or every two hours (Acidovorax, Deinococcus, and Paenibacillus), diluted, and then 
plated. OD readings were also taken at the same time. The samples were taken until the 
culture reached stationary phase. The CT-TY plates were incubated at 26°C for 48 hours. 






2.4 Co-Culture Conditions  
Pure bacterial cultures were grown for 24-48 hours at 26°C in CT-TY and these 
cultures were used to inoculate the co-culture treatment Microcystis flasks. All treatments 
had an initial inoculum of 105 cells/mL of Microcystis in CT. A total of six experimental 
treatments were applied (Table 2). Flasks were inoculated with 105 cells/mL of bacterial 
culture (ratio of 1:1 Microcystis:bacteria), 107 calls/mL of bacterial culture (ratio of 1:100 
Microcystis:bacteria), the filtrate of 105 cells/mL, the filtrate of 107 cells/mL, 0.5% 
filtrate (0.75 mL), or 1% filtrate (1.5 mL). Filtrate was generated by pushing the bacterial 
culture of the desired concentrations through a 0.2 µm syringe filter. Control treatments 
included Microcystis in CT with 0.5% CT-TY (0.75 mL), Microcystis in CT with 1% CT-
TY (1.5 mL), and Microcystis in CT alone. Each flask had a final volume of 150 mL and 
each treatment was inoculated in triplicate. The flasks were incubated at 26°C with a 
12:12 light:dark cycle. 
As a proxy for growth, fluorescence readings (625nm) were taken every 48 hours 
with a Phyto-PAM-II Compact fluorometer (Walz) with a gain setting of 20. 
Photosynthetic efficiency was measured via Fv/Fm. Flasks were dark adapted for 20 
minutes and an initial fluorescence reading was collected (Fo). After the initial reading 
(Fo), 6 µL of 5 µM DCMU was added to the sample to close the Photosystem II reaction 
centers and a second reading was taken (Fm) (Campbell et al., 1998). The Fo and Fm 
readings were used to calculate Fv/Fm, or variable fluorescence (Fv/Fm = (Fm-Fo)/Fm). One 
mL of culture was also harvested every 48 hours and was preserved with Lugol’s iodine 




µL of the culture preserved in Lugol’s Iodine were loaded into the hemocytometer and 
the slide was viewed under a brightfield microscope at 100x magnification for counts.  
2.5 Metagenomics  
Sterivex filters were opened using pipe cutters and the filters were cut using 
sterile syringes and removed with sterile forceps (Cruaud et al., 2017). DNA was 
extracted using the Qiagen PowerWater DNA kit according to the manufacturer’s 
instructions. The DNA concentration and quality were assessed using a NanoVue Plus 
(GE Healthcare). The DNA was sequenced on the Illumina platform by GENEWIZ. 
Demultiplexed FASTQ files were provided by GENEWIZ and the sequence analysis was 
performed using Qiime 2 (Caporaso et al., 2010; Kuczynski et al., 2012). Sequence 
correction and trimming was done using the DADA2 pipeline. The need for trimming 
was determined by drops in quality scored below a predetermined threshold. The Qiime 
diversity plugin was used for the alpha and beta diversity analysis of the sequence data. 
3. Results and Discussion 
3.1 Culturable Microbiome 
 Over 100 bacterial isolates were isolated from the Lake Erie samples. Of these 
isolates, the 16S rRNA gene of 55 isolates was sequenced for identification to the genus 
level (Table 3). Thirty-two of the isolates were identified as Aeromonas spp. At the 
phylum level, the majority (80%) of the bacterial isolates were members of the 
Proteobacteria phylum. Forty-one of those 44 members of the Proteobacteria phylum 
belonged to the Gammaproteobacteria class. After the Proteobacteria, bacteria belonging 
to the phylum Firmicutes were the second most common, with eight isolates all belonging 
to the class Bacilli. Four genera that were isolated have previously been described as 




Exiguobacterium, Shewanella, Enterobacter, and Aeromonas (Wang et al., 2016). This 
may explain why the majority of the identified isolates belonged to the genus Aeromonas. 
The five isolates chosen to be grown with Microcystis were an Exiguobacterium 
sp., an Enterobacter sp., a Deinococcus sp., a Paenibacillus sp., and an Acidovorax sp 
(Table 1). Exiguobacterium is a member of the class Bacilli (Figure 1). This bacterium is 
Gram-positive with rod-shaped cells. This isolate produced orange pigmented colonies 
and tested negative for urease. The Enterobacter sp. is a Gram-negative rod-shaped 
bacterium from the class Gammaproteobacteria (Figure 2) and was positive for urease 
production. The Deinococcus sp. is a Gram-positive rod-shaped bacterium belonging to 
the class Deinococci (Figure 3). This isolate produced pink-orange pigmented colonies 
and tested positive for urease production. Deinococcus was also able to grow on CT-Urea 
plates. The Paenibacillus sp. is a Gram-negative rod-shaped bacterium that produces 
spores (Figure 4). This isolate grew best at 32°C while the other organisms were able to 
grow at 26°C. Paenibacillus belongs to the Firmicutes class Bacilli. The Acidovorax sp. 
is a Gram-negative rod-shaped bacterium belonging to the class Betaproteobacteria 










Table 1. Characterization of heterotrophic bacteria chosen to be grown with axenic 
Microcystis. 
Isolate Gram Status Cell Morphology Urease 
Exiguobacterium Gram Positive Rods Negative 
Enterobacter Gram Negative Rods Positive 
Paeinibacillus Gram Negative Rods Negative 
Deinococcus Gram Positive Rods Positive 






















Table 2. Descriptions of co-culture treatments. 
Treatment Description 
105 Bacterial Cells CT inoculated with 105 Microcystis cells/mL and 105 
bacterial cells/mL for a 1:1 cell ratio 
107 Bacterial Cells CT inoculated with 105 Microcystis cells/mL and 107 
bacterial cells/mL for a 1:100 cell ratio 
Filtrate of 105 Bacterial 
Cells 
CT with the filtrate of 105 bacterial cells/mL, inoculated 
with 105 Microcystis cells/mL 
Filtrate of 107 Bacterial 
Cells 
CT with the filtrate of 107 bacterial cells/mL, inoculated 
with 105 Microcystis cells/mL 
0.5% Bacterial Filtrate CT with 0.5% (0.75 mL) bacterial filtrate, inoculated 
with 105 Microcystis cells/mL 
1% Bacterial Filtrate CT with 1% (1.5 mL) bacterial filtrate, inoculated with 
105 Microcystis cells/mL 
0.5% CT-TY CT with 0.5% (0.75 mL) CT-TY, inoculated with 105 
Microcystis cells/mL 
1% CT-TY CT with 1% (1.5 mL) CT-TY, inoculated with 105 
Microcystis cells/mL 


















Table 3. Identification of the 55 isolates that were cultured and identified based on 16S 
sequencing. 
Phylum Class Genus Number of 
Isolates 
Proteobacteria Alphaproteobacteria Rhizobium 1 
Proteobacteria Betaproteobacteria Comamonas 1 
Proteobacteria Betaproteobacteria Acidovorax 1 
Proteobacteria Gammaproteobacteria Aeromonas 32 
Proteobacteria Gammaproteobacteria Enterobacter 6 
Proteobacteria Gammaproteobacteria Shewanella 1 
Proteobacteria Gammaproteobacteria Klebsiella 1 
Proteobacteria Gammaproteobacteria Pseudomonas 1 
Firmicutes Bacilli Exiguobacterium 5 
Firmicutes Bacilli Lactococcus 1 
Firmicutes Bacilli Staphylococcus 1 
Firmicutes Bacilli Paenibacillus 1 
Bacteroidetes Flavobacteria Chryseobacterium 2 
Deinococcus-
Thermus 














Figure 1. Phylogenetic tree of organisms in the Exiguobacterium genus that were 
compared through BLAST to the isolate isolated from Lake Erie that was identified as 












Figure 2. Phylogenetic tree of organisms in the Enterobacter genus that were compared 
through BLAST to the isolate isolated from Lake Erie that was identified as Enterobacter 















Figure 3. Phylogenetic tree of organisms in the Deinococcus genus that were compared 
through BLAST to the isolate isolated from Lake Erie that was identified as Deinococcus 












Figure 4. Phylogenetic tree of organisms in the Paenibacillus genus that were compared 
through BLAST to the isolate isolated from Lake Erie that was identified as 





Figure 5. Phylogenetic tree of organisms in the Acidovorax and Pseudomonas genera 
that were compared through BLAST to the isolate isolated from Lake Erie that was 












3.2 Response to Co-Culture 
 Axenic Microcystis was grown with five different bacterial isolates to determine 
if the bacteria had any impacts on the growth and physiology of the Microcystis cells. 
The Microcystis cells were able to grow well with all of the bacterial isolates, and none of 
the isolates appeared to be antagonistic toward the Microcystis cells. The growth rate of 
the Microcystis grown in co-culture was highest with 107 cells/mL of Acidovorax cells 
(Figure 6). When testing for significant differences between the growth rate of all the 
treatments, all of the treatments passed the Shapiro-Wilk normality test and an ANOVA 
was performed. There was a significant difference between the Microcystis growth rate of 
all the treatments (including the CT control) (p=<0.001). A multiple comparison test 
versus the CT control treatment was done (Holm-Sidak method). The growth rate of the 
Microcystis grown with 107 Acidovorax cells/mL was the only significant treatment 
compared to the CT control (p=<0.001). Growth of Microcystis with this strain of 
Acidovorax appears to confer a growth advantage when compared to Microcystis grown 
alone, indicating a potential exchange of beneficial metabolites or some other stimulating 
function of the Acidovorax cells. 
 The Microcystis cells/mL on the final day of the experiment (day 30; day 28 for 
for Microcystis grown with Paenibacillus only) were compared between the treatments 
(including CT control) (Figure 7). The Microcystis cells/mL was based on direct cell 
counts from the samples. The data for these cell counts on day 30 were all normally 
distributed. Based on an ANOVA to determine differences between all of the groups 
(including the CT control), there was a significant difference between the final 
Microcystis cell counts in all of the treatment groups (p = 0.005). A multiple comparisons 




There was a significant difference between the Microcystis cells/mL on the final day of 
the CT control and the Microcystis cells/mL in the 105 Exiguobacterium cells/mL 
treatment (p=0.048). 
The Fv/Fm shows the photosynthetic stress of the Microcystis cells (Figure 8). The 
Fv/Fm of the bacterial co-culture treatments were compared during three stages of growth 
(based on Microcystis cell counts): the beginning of exponential phase, mid exponential 
phase, and the beginning of stationary phase (Table 4). The Fv/Fm of the Microcystis in 
the co-culture treatments at the beginning of exponential phase failed the Shapiro-Wilks 
normality test. A Kruskal-Wallis one-way analysis was performed to determine if there 
was a difference between the Fv/Fm of the Microcystis in the co-culture treatment groups 
(including the CT control) on day 6. There was a significant difference between the Fv/Fm 
of the Microcystis in all of the treatment groups (p = 0.016). When compared directly to 
the CT control group in a multiple comparisons test (Dunn’s method), the Fv/Fm of the 
Microcystis in the 105 Acidovorax cell treatment was significantly different (p = 0.024). 
On this day (day 6), the Fv/Fm of the Microcystis in the 10
5 Acidovorax was the lowest of 
all the treatments, indicating that the Microcystis in this co-culture was more stressed 
than the Microcystis in the other treatments. 
The Fv/Fm data during mid exponential phase (day 14) and the start of stationary 
phase (day 28) were normally distributed based on Shapiro-Wilks test of normality. An 
ANOVA was run to determine if there were differences in the Fv/Fm of the Microcystis in 
the co-culture treatments (including the CT control) during those growth stages. At mid 
exponential phase (day 14) there was a significant difference between the Fv/Fm of the 




treatment in a multiple comparisons test (Holm-Sidak method), the Fv/Fm of the 
Microcystis in the 105 Exiguobacterium cells treatment was significantly different (p = 
<0.001). The FvFm of the Microcystis in the 10
5 Paenibacillus cells/mL treatment was 
also significantly different (p=<0.001). At the start of stationary phase (day 28), there 
was no significant difference between the between the Fv/Fm of the Microcystis in all of 































Figure 8. Fv/Fm of Microcystis when grown with different concentrations of bacterial 
cells. The green horizontal lines indicate a healthy zone while the red horizontal line 













Table 4. Statistical difference between all co-culture groups (co-culture treatments and 
CT control) during different phases of growth. Start of exponential phase was day 6, mid 
exponential phase was day 14, and start of stationary phase was day 28. Normal 
distribution was based on Shapiro-Wilks normality test. If data failed the Shapiro-Wilks 
normality test, p-value was based on Kruskal-Wallis one-way analysis of variance. If data 
were normally distributed, p-value was based on one-way analysis of variance 
(ANOVA). 
Growth Phase Normal Distribution P-value 
Start of Exponential No 0.016 
Mid Exponential Yes <0.001 

























3.3 Response to Filtrate 
 Microcystis cells were grown in different concentrations of bacterial filtrate to 
differentiate between any impacts of the bacterial isolates on the growth and physiology 
of Microcystis caused by to cell-to-cell communication or potential compounds released 
by the bacteria (Figure 9). Microcystis cells were grown with the filtrate of 105 bacterial 
cells and the filtrate 107 bacterial cells because those are the same cell concentrations 
with which the co-culture treatments were done. Microcystis was also grown in CT media 
with 0.5% bacterial filtrate and 1.5% bacterial filtrate to be able to compare a standard 
amount between the filtrate of the different bacterial isolates. The growth rates of the 
Microcystis in the different filtrate treatments were compared. The growth rates failed the 
Shapiro-Wilk normality test and a Kruskal-Wallis one-way analysis of variance was 
performed. When the growth rates of the Microcystis that was able to grow in all the 
different treatments were compared, they were found to be statistically different 
(p=0.002). Treatments excluded from the test due to lack of Microcystis growth included 
0.5% and 1% Exiguobacterium filtrate, 1% filtrate and filtrate of 107 cells/mL of 
Deinococcus, 0.5% and 1% filtrate and filtrate of 107 cells/mL of Acidovorax, and the 
CT-TY controls. A multiple comparisons test versus the CT control was performed and 
the growth rate of the Microcystis grown in the filtrate of 106 cells/mL of Paenibacillus 
was found to be significantly lower than the growth rate of the Microcystis in the CT 
control treatment (p=0.038). 
 The final Microcystis cell counts (cells/mL) on day 30 of the experiment (day 28 
for the Microcystis in Paenibacillus treatments) were compared (Figure 10). When only 




compared, the data were normally distributed. An ANOVA compared the Microcystis 
cells/mL in all of these treatments that were able to grow (105 Exiguobacterium cell 
filtrate, 105 Enterobacter cell filtrate, 107 Enterobacter cell filtrate, 0.5% Enterobacter 
filtrate, 1% Enterobacter filtrate, 105 Deinococcus cell filtrate, 0.5% Deinococcus filtrate, 
105 Acidovorax cell filtrate, 105 Paenibacillus cell filtrate, 107 Paenibacillus cell filtrate, 
0.5% Paenibacillus filtrate, 1% Paenibacillus filtrate, and CT control) and there was a 
significant difference between all of the treatments (p = 0.009). A multiple comparisons 
test versus the CT control was performed and there was no significant difference between 
the final cell counts of the Microcystis in any of the filtrate treatments and the 
Microcystis in the CT control. 
The Fv/Fm of the Microcystis in the filtrate treatments (Figure 11) were also 
compared during three stages of growth (based on Microcystis cell counts): the beginning 
of exponential phase, mid-exponential phase, and the beginning of stationary phase 
(Table 5). The data at all three phases of growth failed the Shapiro-Wilks normality tests 
and a Kruskal-Wallis one-way analysis of variance was performed for each of the stages. 
The Fv/Fm of the Microcystis in all of the treatments (including CT-TY and CT controls) 
at the beginning of the exponential phase (day 6) were significantly different (p = 
<0.001). A multiple comparisons test versus the CT control was done and the Fv/Fm of the 
Microcystis in six treatments was significantly different that the Fv/Fm of the Microcystis 
in the CT control. These treatments included 0.5% Exiguobacterium filtrate (p=<0.001), 
1% Exiguobacterium filtrate (p=0.002), 0.5% Acidovorax filtrate (p=0.016), 1% 
Acidovorax filtrate (p=0.005), and the filtrate of 107 Acidovorax cells/mL (p=0.026). The 




of Microcystis than the other treatments and this, not the filtrate, was likely the cause of 
the photosynthetic stress and ultimate cell death in those cultures. During the mid-
exponential phase (day 14), there was a significant difference between the Fv/Fm of the 
Microcystis in all of the treatment groups (including the CT-TY and CT controls) (p = 
<0.001). The Fv/Fm of the Microcystis in 0.5% Exiguobacterium filtrate (p=0.002), 1% 
Exiguobacterium filtrate (p=0.003), 0.5% Acidovorax filtrate (p=0.028), 1% Acidovorax 
filtrate (p=0.005), and filtrate of 107 Deinococcus cells/mL (p=0.002) treatments were all 
significantly different than the Fv/Fm of the Microcystis in the CT control treatment on 
day 14. At the beginning of stationary phase (day 28), the Fv/Fm values of the Microcystis 
in all the treatments were significantly different (p=<0.001). The Fv/Fm of the 
Microcystis in the 1% Acidovorax (p=0.038), filtrate of 107 Acidovorax cells/mL 
(p=0.046), and 107 Deinococcus cells/mL (p=0.002) treatments were all significantly 
different than the Fv/Fm of the Microcystis in the CT control treatment on day 28 of the 
experiment. 
The filtrate of some of the bacterial isolates appeared to have protective effects on 
the Microcystis. The Microcystis in all of the Enterobacter filtrate treatments survived. 
Of the four Enterobacter filtrate treatments, the Microcystis in the 107 cell filtrate 
treatment had the highest final fluorescence, followed by the Microcystis in the 105 cell 
filtrate treatment. Because the Microcystis was able to grow in these filtrate treatments 
but was unable to grow in the CT-TY treatments, it is likely the Enterobacter cells either 
utilize the compounds in the CT-TY that are harmful to Microcystis or are able to release 
compounds that protect Microcystis in the higher salt concentrations of CT-TY media. 




While the growth rates and Fv/Fm of the Microcystis in some of these treatments were 
lower than the CT control, the ability of the Microcystis cells to grow in these filtrate 
treatments and not the CT-TY treatments indicates protective impacts of the 
Paenibacillus. The Exiguobacterium filtrate also appeared to have some protective 
impact on the Microcystis. The Microcystis in the 105 Exiguobacterium cell filtrate 
treatment was able to grow and the Microcystis in the 107 Exiguobacterium cell filtrate 
treatment was able to grow as well (Figure 9; Figure 10). The Microcystis in the 107 
Exiguobacterium cell treatment had a lower Fv/Fm, indicating photosynthetic stress 
(Figure 11). While the Microcystis cells were more stressed, their ability to grow in the 
treatment and not in the 1% CT-TY treatment indicated a protective impact. The 



















Figure 11. Fv/Fm of Microcystis cells grown in different filtrate conditions. The green 
horizontal lines indicate a healthy zone while the red horizontal line shows a stressed 












Table 5. Statistical difference between all filtrate groups (filtrate treatments, CT-TY 
controls, and CT control) during different phases of growth. Start of exponential phase 
was day 6, mid exponential phase was day 14, and start of stationary phase was day 28. 
Normal distribution was based on Shapiro-Wilks normality test. All data failed the 
Shapiro-Wilks normality test, so p-value were based on Kruskal-Wallis one-way analysis 
of variance. 
Growth Phase Normal Distribution P-value 
Start of Exponential No <0.001 
Mid Exponential No <0.001 



























 A total of 4042 OTUs were identified from the four Lake Erie stations. 
Actinobacteria was the most common phylum found in the first sample from station 
WE02 (Figure 12). The second sample from that station (2B), had the most OTUs 
belonging to Cyanobacteria, followed by Actinobacteria and Proteobacteria. The majority 
of OTUs from the first sample from station WE04 were also Cyanobacteria, followed by 
Proteobacteria and Actinobacteria. The second sample from station WE04 (4B) had the 
majority of OTUs belonging to Actinobacteria, followed by Proteobacteria and 
Cyanobacteria. The largest number of OTUs from station WE13 belonged to the phylum 
Actinobacteria, followed by Proteobacteria, Bacteroidetes, and Cyanobacteria. This 
sample was also the only one with OTUs belonging to the phylum Gemmatimonadetes. 
The second sample from that station (13B) had mainly Cyanobacteria, followed by 
Proteobacteria and Actinobacteria. The majority of bacteria belonging to the 
Proteobacteria phylum were Alphaproteobacteria and Betaproteobacteria (Figure 13). 
This was contrary to the bacterial community that was isolated, as the majority of these 
isolates belonged to the Gammaproteobacteria class. Steffen et al., 2012 previously found 
Proteobacteria to be the largest phylum of heterotrophic bacteria in a Lake Erie 
Microcystis bloom. Shotgun metagenomics was used in that study, while 16S 
metagenomics was applied here. The use of different sequencing techniques may account 






Figure 12. The percentage of OTUs belonging to different prokaryotic phyla at each of 






Figure 13. The percentage of OTUs belonging to different classes within the 














Bacterial strains were isolated from a Microcystis bloom on Lake Erie in 2017. 
The results of the culturable microbial community differed from those of the 
metagenomic data. The differences found in the community composition of culturable 
bacteria compared to the unculturable community demonstrates the importance of 
sequencing data. The metagenomic data provided a potentially more accurate view of 
overall community structure compared to culturing isolates in the lab. 
Axenic Microcystis aeruginosa NIES 843 cells were grown with different 
bacterial cell and filtrate treatments to determine if bacteria isolated from a Lake Erie 
Microcystis bloom had any effect on the growth and physiology of the Microcystis cells. 
The growth of Microcystis cells was impacted by the presence of 107 Acidovorax 
cells/mL. The filtrate of Enterobacter and Exiguobacterium isolates also appeared to 
have some protective impact on Microcystis. These results could suggest that bacteria in a 
natural bloom environment may protect Microcystis cells from undesirable environmental 
conditions, such as higher salt concentrations. As it was demonstrated here, the protective 
impact of the bacteria does not necessarily require direct cell contact. Bacterial utilization 
of compounds harmful to Microcystis of the release of compounds that promote 
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 Heterotrophic bacteria were isolated from a Microcystis bloom in the western 
Lake Erie basin. Five isolates were chosen for whole genome sequencing with PacBio. 
The genomes were assembled with the CLC Genomics Workbench plugin, CLC Genome 
Finishing Module. The genomes were then annotated with RAST and PGAP. A single 
contig was obtained for the Acidovorax spp. The genomes were then analyzed for genes 
that could be used in potential interactions and communication with Microcystis. Genes 
that have been previously described in bacteria-phytoplankton interactions were found in 
the bacterial genomes. Genes involved in functions such as nitrogen metabolism, 
carbohydrate metabolism, quorum sensing, and vitamin production were found in the 
bacterial genomes. This data could be used to further investigate the interactions between 
Microcystis and heterotrophic bacteria and the potential impacts heterotrophic bacteria 















Cyanobacterial harmful algal blooms (cHABs) occur annually in both freshwater 
and marine systems. These blooms are formed by multiple species of cyanobacteria and 
have the potential to be destructive to aquatic ecosystems due to their biomass or the 
release of toxins into the environment (Anderson et al., 2002; De Figueiredo et al., 2004; 
Backer et al., 2015). Microcystis is a common genus of bloom-forming cyanobacteria. 
Some species of Microcystis are able to produce hepatotoxins known as microcystins. 
Bacteria are capable of degrading microcystins produced by cyanobacteria (Jones et al., 
1994; Kato et al., 2007). Microcystis spp are colonial cyanobacteria and these colonies 
are surrounded by an exopolysaccharide layer with which bacteria are tightly coupled. 
Different strains of bacteria have been found to impact the formation of 
Microcystis colonies and exopolysaccharide production (Shen et al., 2011; Wang et al., 
2016). The zone that surrounds the phytoplankton where bacteria reside is known as the 
phycosphere (Bell and Mitchell, 1972). It is expected that bacteria and phytoplankton 
within the phycosphere interact and exchange nutrients. Heterotrophic bacteria are able to 
utilize the carbon released by Microcystis while Microcystis may be able to benefit from 
products released by the heterotrophic bacteria, such as vitamins or other nutrients.  
In the last decade, metagenomic studies have given us new insight into the 
community makeup of the bacteria associated with Microcystis blooms in sites such as 
Lake Erie and Lake Tai, however, there has been limited information on the whole 
genomes of individual members of these bloom communities (Xie et al., 2016). Here, we 
report on the genomic content of five individual bacteria isolated from a Microcystis 




individual heterotrophic bacteria has provided new insight into the potential microbial 
interactions and metabolic pathways that occur within Microcystis blooms.  
3. Methods 
3.1 DNA Extraction and Sequencing 
 The five isolates chosen for whole genome sequencing were isolated according to 
the protocol outlined in Chapter 2 of this thesis. These isolates were Exiguobacterium sp., 
Enterobacter sp., Deinococcus sp., Paenibacillus sp., and Acidovorax sp. The isolates 
were grown in Luria Broth (LB) and the Paenibacillus sp. was grown in Tryptic Soy 
Broth (TSB) for DNA extraction. The DNeasy UltraClean Microbial Kit (Qiagen) was 
used for DNA extraction according to manufacturer’s instructions. A NanoVue Plus (GE 
Healthcare) was used to check the quantity and purity of the DNA. The genomic DNA 
was sent to Genewiz for sequencing on the PacBio Sequel System. 
 At the Genewiz facility, the quality and quantity of the genomic DNA was 
assessed with a Nanodrop, Qubit DNA assay, and a gel. After it was determined that the 
DNA passed the purity and quality requirements, the PacBio SMRTbell library was 
prepared according to the manufacturer’s instructions. Briefly, the library preparation 
began with fragmenting the DNA. The DNA then went through damage repair, followed 
by end repair. The next step was ligation of the barcoded adapters and the pooling of the 
libraries. The library pool was purified followed by the primers annealing and the 
polymerase binding. The SMRTbell libraries were then sequenced with the PacBio 
Sequel System. 
 BAM files were generated from the PacBio Sequel platform. The SMRTLink 




demultiplexing algorithm. These demultiplexed sequence files (BAM and FASTQ) were 
then provided by the GENEWIZ sequencing facility for assembly and annotation. 
3.2 Genome Assembly and Annotation 
 The genomes were assembled using the PacBio de novo assembly pipeline on the 
CLC Genomics Workbench plugin CLC Genome Finishing Module (Qiagen). The 
assembly workflow was run with the default settings. First, the FASTQ files with raw 
PacBio reads were imported into CLC Genomics Workbench. The first tool in the de 
novo assembly pipeline was the tool for correcting reads. This tool corrected sequencing 
errors in the raw reads and resolved untrimmed adapters. The error-corrected reads were 
then assembled into contigs with the “de novo Assemble PacBio Reads” tool. The 
corrected reads were then mapped to the contigs to close gaps and join contigs. The 
corrected reads were then mapped to the larger contigs and the final contigs were 
analyzed to find any problematic regions. 
The genomes were annotated with the NCBI prokaryotic genome annotation 
pipeline (PGAP) (Tatusova et al., 2016) and RAST (Aziz et al., 2008; Brettin et al., 
2015). The annotated genomes were viewed on the RAST SEED Viewer (Overbeek et 
al., 2014). Maps of the genomes were generated with DNAPlotter (Carver et al., 2009). 
4. Results and Discussion 
4.1 Sequencing Output, Assembly, and Annotation 
 The number of raw reads in the files provided by GENEWIZ ranged from 
831,129,345 reads (Deinococcus) to 1,818,930,107 reads (Enterobacter) (Table 1). The 




the CLC Genome Finishing module. The output of corrected reads was between 
202,560,865 reads (Deinococcus) to 452,019,305 reads (Enterobacter) (Table 1). 
The number of contigs obtained from the genome assemblies ranged from 1 to 20 
contigs. Acidovorax was the only isolate for which a single contiguous contig was 
obtained (Table 2). Enterobacter had the longest genome, at 5.7Mb, which is slightly 
longer than other sequenced isolates in the Enterobacter genus. The genome lengths of 
the other isolates were comparable to other sequenced isolates within those genera. The 
GC contents were also similar to other sequenced isolates. 
4.2 Nitrogen 
Nitrogen is a limiting nutrient for Microcystis. In cyanobacteria, including 
Microcystis, nitrogen assimilation is regulated by the ntcA gene. This gene has been 
shown to be repressed when levels of ammonium in the water exceed 1µmol L-1 (Chaffin 
and Bridgeman, 2014). Microcystis favors ammonium as a nitrogen source, but in times 
when ammonium is scarce, nitrate- and nitrate-reductase, as well as urease production is 
promoted (Chaffin and Bridgeman, 2014). The presence of several different genes 
suggests the potential for these organisms to act as an ammonium source for Microcystis 
in the environment. All of the genomes except Exiguobacterium contain genes for the 
reduction of nitrate and nitrite to ammonium. The denitrifying reductase gene clusters in 
the Acidovorax genome includes genes for nitric oxide reductase and nitrous oxide 
reductase. Acidovorax also has genes for cyanate hydrolysis. Cyanate is a by-product of 
the urea cycle and the products of cyanate hydrolysis include bicarbonate and ammonium 




from the breakdown of other compounds could potentially be utilized by Microcystis to 

























Table 1. The concentration of nucleic acid (Nanodrop 2000) and 260/280 of samples sent 
to GENEWIZ followed by the total number of raw reads for each isolate and the number 
of corrected reads after the sequences were corrected in the PacBio de novo assembly 
pipeline. 
Isolate DNA (ng/µL) 260/280 Total Raw Reads Corrected Reads 
Exiguobacterium 462.8 1.91 1,297,742,008 329,791,775 
Enterobacter 479.9 1.90 1,818,930,107 452,019,305 
Deinococcus 693.0 1.93 831,129,345 202,560,865 
Paenibacillus 176.4 1.89 1,422,433,251 340,274,897 






















Table 2. Characteristics of genome assemblies obtained from the PacBio de novo 
assembly pipeline in the CLC Genome Finishing Module. 
Isolate Number of 
Contigs 
N50 GC % Total Length 
Exiguobacterium 2 3,111,939 47.13 3,148,435 
Enterobacter 20 613,519 54.79 5,742,593 
Deinococcus 5 3,281,798 69.75 4,224,197 
Paenibacillus 19 392,282 49.95 5,404,135 


























Table 3. The number of coding sequences called by the genome annotation tool RAST. 

































Table 4. Nitrogen genes called by RAST and their roles in the bacterial isolates. 










nirB Nitrate reductase large subunit 
Enterobacter, 
Acidovorax 
narG Respiratory nitrate reductase alpha chain 
Enterobacter, 
Acidovorax 
narH Respiratory nitrate reductase beta chain 
Enterobacter, 
Acidovorax 
narI Respiratory nitrate reductase gamma chain 
Enterobacter narJ Respiratory nitrate reductase delta chain 
Enterobacter, 
Acidovorax 












gltD Glutamate synthase small chain 
Deinococcus glnN Glutamine synthetase type III 
Acidovorax cynS Cyanate hydratase 
Acidovorax cynR Cyn operon transcriptional activator 
Acidovorax nosFn nosR, nosY Nitrous oxide reductase maturation protein 










Urease is an enzyme that catalyzes the hydrolysis of urea to ammonia and 
carbamate. The genomes of Enterobacter, Paenibacillus, and Acidovorax contains genes 
for the alpha (ureC), beta (ureB), and gamma (ureA) subunits of the urease enzyme 
complex. The Deinococcus genome contains genes for the alpha (ureC) and gamma 
(ureA) urease subunits. The Deinococcus and Acidovorax genomes contain all of the 
urease accessory genes (ureEFGD), while Enterobacter and Paenibacillus have some of 
the accessory genes (ureEFD and ureFGD respectively). Urease is a metalloenzyme that 
binds to nickel (Dixon et al., 1975; Boer et al., 2013). The Enterobacter and Acidovorax 
contain the nickel-binding accessory gene ureJ-hupE. Genes for nickel incorporation 
proteins (hypAB) were found in the Enterobacter and Deinococcus genomes. The 
utilization and decomposition of urea to ammonium and CO2 by heterotrophic bacteria 
during a bloom could supply Microcystis with some of its nitrogen (Cho et al., 1996) and 
carbon demand. 
4.3 Carbon utilization/Carbohydrates 
The monosaccharide composition of Microcystis extracellular polysaccharides has 
been characterized in the past (Nakagawa et al., 1987; Forni et al., 1997). Xylose was one 
of the monosaccharides found to be in Microcystis EPS. The genomes of Paenibacillus, 
and Enterobacter contain genes for xylose utilization. Paenibacillus contained genes for 
xylose isomerase, transporters, and binding components while Enterobacter had genes 
for the XylFGHR proteins for transcriptional regulation, transport, and ATP binding. All 
of the isolates had genes for mannose utilization. All of the isolates could produce 
mannose-6-phosphate isomerase. D-mannose isomerase is another enzyme for mannose 




in bacteria-algae interactions (Giroldo et al., 2007) and like xylose, mannose is found in 
Microcystis EPS (Nakagawa et al., 1987; Forni et al., 1997). Deinococcus, Paenibacillus, 
and Acidovorax have the glcD gene for glycolate dehydrogenase. Glycolate is produced 
from the oxygenase activity of rubisco during photorespiration and is therefore released 
by phytoplankton. The potential for utilization of glycolate released by phytoplankton has 
been examined in marine systems and lakes (Lau and Armbrust, 2006; Paver and Kent, 
2010). 
4.4 Iron 
Iron is a trace element that is essential for phytoplankton growth. Microcystis spp. 
have been shown to have impacted phytopigments and photochemical efficiency during 
iron deprivation (Xing et al., 2007). Siderophores are vital for iron scavenging and 
acquisition during times of iron deprivation. Microcystis spp, are also produce 
siderophores in times of iron deprivation (Imai et al., 1999; Xing et al., 2007). The 
Enterobacter, Paenibacillus, and Deinococcus, genomes all contain genes encoding 
various siderophores.  
The Enterobacter genome has genes encoding FepBCDEG proteins for the 
transport of ferric enterobactin. Genes encoding the enterobactin biosynthesis pathway 
proteins EntBSH were also present. Enterobactin siderophores are characteristic of the 
Enterobacteriaceae family. These are the strongest siderophores with a high affinity for 
iron sequestration (Carrano and Raymond, 1979; Fischbach et al., 2006).  The 
Enterobacter genome also contains iucA-D genes for aerobactin synthesis. Aerobactin 
siderophores do not have as high an affinity for iron as enterobacins, but they have been 




1979; Williams and Warner, 1980). Enterobacter spp have also been described with both 
types of siderophores (Van Tiel-Menkveld et al., 1982). 
The genome of Deinococcus contains genes for isochorismate synthase. 
Isochorismate synthase is a precursor of siderophores, including enterobactin (Yokoo et 
al., 2018). Isochorismate synthase has also been found to be important for the synthesis 
of salicylic acid for plant defense (Wildermuth et al., 2001). The Paenibacillus genome 
contained genes related to bacillibactin and anthrachelin siderophores. The genome genes 
for FeuA-C proteins for Fe-bacillibactin transport (Ollinger et al., 2006). Bacillibactin are 
catechol-based siderophores that are structurally similar to enterobactin siderophores. 
Bacillibactin siderophores are produced by different members of the Bacillus genus, 
including Bacillus anthracis (Wilson et al., 2006). These siderophores have also been 
described in a Paenibacillus honey bee pathogen (Hertlein et al., 2014). The 
Paenibacillus genome also contained genes for anthrachelin uptake transporters. 
Anthrachelin siderophores have been previously described in Bacillus anthracis 
(Cendrowski et al., 2004). The presence of siderophores in the bacterial genomes could 
indicate the potential of those bacteria to release bioavailable iron into the system, which 
could then be used by Microcystis. 
The Ton and Tol transport systems are used to transport ferric-siderophore 
complexes and vitamin B12 across the cell membrane (Braun, 1995). The genomes of the 
Acidovorax, Deinococcus, and Enterobacter isolates contained genes involved in the Ton 
and Tol transport systems. All three organisms had genes for TonB-dependent receptors. 
Enterobacter and Acidovorax had genes for the TolA protein. The Enterobacter genome 




4.5 Heavy Metal and Antibiotic Resistance 
All of the bacterial genomes contained genes for resistance to fluoroquinolones, 
antimicrobial agents that inhibit DNA synthesis (Wolfson and Hooper, 1989). 
Exiguobacterium and Enterobacter have genes for streptothricin resistance. Deinococcus 
and Paenibacillus have genes for vancomycin resistance. Enterobacter have genes for 
fosfomycin resistance. 
The isolate genomes also contain genes for resistance against the metals cobalt, 
zinc, and cadmium, as well as genes for either the tolerance of or resistance to copper. 
Exiguobacterium and Paenibacillus have genes for mercury resistance. 
4.6 Secondary Metabolites 
Auxins are plant growth promoting hormones that are critical for plant 
development. The role of auxins in microbial interactions have been observed in marine 
diatom interactions with associated bacteria (Amin et al., 2015). Amin et al. (2015) found 
that a bacterial consortium promoted diatom cell division due to the secretion of an auxin 
synthesized from tryptophan released by the diatom. All five of the sequenced genomes 
contained genes for the biosynthesis of auxins. All of the genomes also contain genes for 
tryptophan synthesis. Tryptophan has been found to be an important precursor for indole-
3-acetic acid (IAA), the main auxin that occurs in plants. There are tryptophan-dependent 
pathways in some organisms to produce IAA from tryptophan. The production of auxins 
by these isolates could indicate potential growth promoting effects of the bacteria on 
Microcystis. 
Species of Paenibacillus have been found to be growth promoting in the 




metabolites, such as auxins, and antifungal compounds (Beatty and Jensen, 2002; Selim 
et al., 2005; Lebuhn et al., 1997). The genome of the Paenibacillus sp. isolated from 
Lake Erie contain genes for the synthesis of thiazole/oxazole-modified microcins 
(TOMMs). 
4.7 Quorum Sensing and Signaling 
Quorum sensing, or cell-to-cell communication in bacteria, relies on the 
production of signaling molecules known as autoinducers (Federle, 2009). Autoinducer 2 
(AI-2) is an autoinducer produced by many different bacterial species. The Enterobacter 
genome contains genes for AI-2 transport and processing. This lsrACDBFGE operon has 
also been described in Salmonella enterica and Escherichia coli (Vendeville et al., 2005; 
Xavier and Bassler, 2005), both members of the Enterobacteriaceae family with 
Enterobacter. In these organisms, the lsrACDB genes encode AI-2 transporter 
components while the rest of the genes in the operon are needed from processing AI-2 
once it is internalized (Xavier and Bassler, 2005). Tryptophan and the auxin IAA can also 
serve as signaling molecules (Amin et al., 2015). As mentioned previously, all five of the 
sequenced genomes contain genes for auxin and tryptophan synthesis. 
4.8 Other genes/Vitamin Production 
Many algae require vitamin B12 for growth yet are unable to produce it and must 
rely on exogenous B12 (Croft et al., 2005). It has been shown that microalgae can obtain 
vitamin B12 directly from bacterial interactions (Croft et al., 2005). The Paenibacillus, 
Acidovorax, and Deinococcus genomes all contain genes for cobalamin (vitamin B12) 
synthesis (MTR, cobY, cobU, cobQ, bluB). All five genomes also contain genes for the 





The whole genomes of five bacteria isolated from a Lake Erie Microcystis bloom 
were sequenced. These genomes were analyzed for genes that could be important in 
potential interactions with Microcystis. Genes involved in vitamin production, iron 
sequestration, utilization of certain nitrogen sources, and the use or carbohydrates that are 
part of Microcystis EPS all suggest interactions with Microcystis are likely. The 
sequencing of these genomes opens up further possibility of understanding the 
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In this thesis, heterotrophic bacteria were isolated from a 2017 Microcystis bloom 
in the western basin of Lake Erie. The culturable microbiome of this bloom was 
characterized and then compared to the unculturable population of the bloom via 
metagenomics. It was surprising that no species from the phylum Actinobacteria were 
isolated, as members of this phylum were the most common phylum of heterotrophic 
bacteria in the metagenomic sequences from most of the stations. The isolates were also 
grown directly with axenic Microcystis to determine any impacts on the growth and 
physiology of the Microcystis cells. The co-culturing of bacteria with axenic Microcystis 
suggested that Microcystis does not necessarily need direct cell contact with 
heterotrophic bacteria to benefit from protective impacts of the bacteria. The protective 
impacts of the filtrate of some of the isolates suggests that bacterial interactions in a 
natural bloom community could protect Microcystis cells in harsh conditions such as 
higher salt concentrations. The mechanisms of the protection of this filtrate on 
Microcystis in these conditions was not explored in this thesis. 
The same five isolates that were grown in co-culture with Microcystis were 
chosen for whole genome sequencing with PacBio. The genomes of these five isolates 
were analyzed and compared to identify any genes that could be used in potential 
interactions with Microcystis. The genomic data from the bacterial isolates provided 
insight on the potential ways the isolates could benefit Microcystis and interact with the 
phytoplankton, as well as ways the phytoplankton may help the bacteria.  
While the co-culturing of the bacteria with Microcystis and whole genome 
sequencing of the isolates provided insights into potential interactions, further studies are 




bacteria and Microcystis. And while co-culture suggested protective impacts of the 
filtrate in high salt concentrations, the mechanisms of this protection were not explored 
and need to be further examined. The protective impacts could be as simple as the 
utilization of salt by the bacteria, therefore preventing osmotic stress of the Microcystis 
cells when exposed to the filtrate. 
 
 
